[5] at concentrations of APC4 that do not induce microtubule bundling. These microtubules were then dicoli protein (APC) are responsible for familial polyposis, a form of inherited colon cancer. In addition luted into buffer alone or buffer containing APC4 protein corresponding to the presence of APC4 in the assembly to its role in mediating ␤-catenin degradation in the Wnt signaling pathway, APC plays a role in reaction. The length of microtubules in 5-20 randomly selected fields was recorded. Figure 1a shows the distribu- 
Binding of the adenomatous polyposis coli protein to microtubules increases microtubule stability and is regulated by GSK3␤ phosphorylation
of APC protein on microtubules has never been examined. Here we show that binding of APC to When no APC4 was included in the dilution buffer, the rate of microtubule disappearance was independent of microtubules increases microtubule stability in vivo and in vitro. Deleting the previously identified whether APC4 had been included in the assembly step (data not shown). (summarized in Figure 2 and ( Figure 3 and summarized in Table 1 ). GFP-APC protein localized to clusters near the cell membrane and also
Results and discussion
The microtubule binding site of APC has been mapped to a highly positively charged region in the C-terminal
APC protein stabilizes microtubules in vitro
To measure the effect of APC on microtubule stability third of APC [1, 5, 6 ] and an APC fragment containing residues 2219-2580 binds microtubules in vitro [7] . Deletin vitro, microtubules were polymerized in the absence or presence of APC4 protein fragment (residues 1034-2843, ing this domain from APC altered but did not abolish the association of APC with microtubules. APC-⌬MT was C-APC⌬MT compared to cells expressing APC or C-APC after nocodazole treatment ( Figure 3 and Table 1 ). restricted to clusters at the end of microtubules near the cell periphery (Figure 3c ,d) and C-APC⌬MT still decorated the microtubule lattice, similar to C-APC (Figure Together, these data suggest that the basic region of APC contained within residues 2168-2451 is important for mi3l,m). Treatment with nocodazole caused the dispersal of APC⌬MT into small clusters that appeared to line the crotubule stabilization but that other regions in the APC molecule contribute to its ability to bind microtubules small number of remaining microtubules (Figure 3g,h) . In general, deleting residues 2168-2451 resulted in a sigand to cluster at the dynamics end of microtubules. nificant decrease in the ability of APC to stabilize microtubules toward nocodazole as judged by reduced number and
It is important to note that the distribution of a C-terminal APC fragment missing residues 2168-2590, C-⌬Mtlge, is length of microtubules in cells expressing APC⌬MT or in the presence of 10 g/ml nocodazole to depolymerize microtubules (e-h and n-q). Cells were fixed and processed for
Comparing the localization of the panel of APC fragments immunofluorescence using antibodies against tubulin (b,f,k,o,d,h,m,q). The localization of the GFP-tagged APC proteins was described in this and other manuscripts (see Table 1 ) and visualized directly (a,e,i,n,c,g,l,p); tubulin was detected with assuming that binding to microtubules is mediated by is greatly enhanced by the presence of axin [11, 12] , and our observations raise the possibility that APC bound to charged residues are found in the sequences of human, mouse, rat, and Xenopus APC at this site, which falls into axin and ␤-catenin does not bind to microtubules and Table 1 APC fragment; residues (name) Colocalization w/MTs Clusters Increased MT stability APC4 in the supernatant fractions was detected by immunoblotting with APCspecific antibodies. To confirm that the presence of kinases did not affect microtubule bundling or APC4 solubility, control samples containing tubulin plus or minus the kinases but no APC4 (lanes 1 and 2) or APC4 plus or minus kinases but no tubulin (lanes 7 and protein. The molecular weight differences in these examples, because 10% acrylamide 8) were included. The band visible just below between phosphorylated and gels were used to allow visualization of tubulin in lanes 2, 4, 6, and 8 is GSK3␤ nonphosphorylated APC4 is barely visible tubulin the same samples.
vice versa. This is consistent with our finding that ␤-catbule binding site weakened the direct interaction of APC enin was never recruited to microtubules bound to exogewith the microtubule lattice. nously expressed GFP-APC no matter how much exogenous APC was expressed (data not shown).
The association of APC with other microtubule binding proteins may also contribute to the observed differences. Clustering of APC at the growing (plus) end of microtuOne protein that has been suggested to interact with APC bules may involve the association of APC with a kinesinat microtubule ends is EB1 [13] . It is formally possible like motor protein, as suggested by the ATP-dependence that the different APC fragments differ in their ability to of APC-GFP movement in permeabilized epithelial cells bind to EB1. However, APC, APC⌬MT, C-APC, and [1] . Our finding that APC⌬MT does not localize to the C-APC⌬MT all contain the entire region required for microtubule lattice but is restricted to clusters near the binding to EB1 (the last 170 amino acids of APC [13] ), growing ends of microtubules suggests that it still binds making it unlikely that EB1 is responsible for the differto such a putative motor protein. The exclusive localizaences observed in the behavior of these fragments. In tion of APC⌬MT to the ends of growing microtubules addition, it was recently demonstrated that the interaction could be explained if transport by such a motor protein was accelerated, because deleting the primary microtubetween EB1 and APC at the ends of microtubules is only permitted under restricted conditions that are not In summary, the experiments presented in this manuscript provide the first demonstration that APC stabilizes understood [14] .
microtubules. The pool of APC protein that performs this function may be separate from the pool that is involved
Binding of APC to microtubules is decreased in regulating ␤-catenin, raising the possibility that GSK3␤
by phosphorylation may be a molecular switch that helps to shift the balance Binding of APC to ␤-catenin is enhanced by GSK3␤ phosbetween these different APC pools. The ability of APC phorylation of APC [15] . To determine whether phosto bind to microtubules directly and indirectly is mediated phorylation of APC by GSK3␤ also affects APC binding by a number of different binding sites, and this could to microtubules, we compared the ability of completely explain the unique dynamics of APC/microtubule interacdephosphorylated APC4 protein or APC4 protein phostions. phorylated by GSK3␤ to bundle microtubules (Figure 4) . A dephosphorylated APC4 fragment (residues 1034-2843,
Supplementary material
Figure 2) was generated by adding a combination of PKA Additional details describing the experimental methods are available at (to prephosphorylate APC4) and GSK3␤ to phosphatasehttp://current-biology.com/supmat/supatin.htm. treated APC4. Prephosphorylation of APC with PKA is required for efficient phosphorylation by GSK3␤ [15] . dephosphorylated APC4 was more efficient at bundling microtubules and led to the formation of larger bundles
